Triterpene acids, namely, 20,29-dihydrobetulinic acid (BA), ursolic acid (UA) and oleanolic acid (OA) were converted into C-28-amino-functionalized triterpenoids 4-7, 8a, 15, 18 and 20. These compounds served as precursors for the synthesis of novel guanidine-functionalized triterpene acid derivatives 9b-12b, 15c, 18c and 20c. The influence of the guanidine group on the antitumor properties of triterpenoids was investigated. The cytotoxicity was tested on five human tumor cell lines (Jurkat, K562, U937, HEK, and Hela), and compared with the tests on normal human fibroblasts. The antitumor activities of the most tested guanidine derivatives was lower, than that of corresponding amines, but triterpenoids with the guanidine group were less toxic towards human fibroblasts. The introduction of the tris(hydroxymethyl)aminomethane moiety into the molecules of triterpene acids markedly enhanced the cytotoxic activity of the resulting conjugates 15, 15c, 18b,c and 20b,c irrespective of the triterpene skeleton type. The dihydrobetulinic acid amine 15, its guanidinium derivative 15c and guanidinium derivatives of ursolic and oleanolic acids 18c and 20c were selected for extended biological investigations in Jurkat cells, which demonstrated that the antitumor activity of these compounds is mediated by induction of cell cycle arrest at the S-phase and apoptosis.
Introduction
Among natural products of plant origin that are considered as abundant sources of lead structures for the discovery of new drugs, the pentacyclic lupane, ursane, and oleanane triterpenoids occupy a prominent place [1, 2] . Triterpene acids (betulinic, ursolic, and oleanolic acids, Figure 1 ) are of interest for pharmacological research, as they exhibit a variety of biological activities including antimicrobial, antiparasitic, antitumor, and antiviral, in particular, anti-HIV, types of activity [3] [4] [5] [6] . Among these properties of triterpenoids, of special interest is their anticancer activity and the ability to trigger the mitochondrial apoptosis pathway in various types of human cancer cells [5] [6] [7] [8] [9] . Thus, betulinic acid is capable of inducing apoptosis in tumor cells, such as melanoma, adenocarcinoma, neuroblastoma, medulloblastoma, glioblastoma and neuroectodermal tumors [7] [8] [9] . The in vivo anticancer activity of betulinic acid was identified using xenograft models [10, 11] . The ursolic acid can also induce apoptosis, autophagy, and cell cycle arrest through various pathways, such as inhibition of DNA replication, stimulation of reactive oxygen species (ROS) production, and affecting the balance between proapoptotic and antiapoptotic proteins [6, 12, 13] . However, the cytotoxic activity of the phosphonium salts was comparable with their cytotoxic activity against normal peripheral blood cells. In continuation of the search for efficient and selective antitumor agents, we have investigated novel cationic derivatives of pentacyclic triterpenoids containing guanidine groups, which are readily protonated at a physiological pH level. The introduction of hydrophilic guanidine groups into hydrophobic triterpene acid molecules may enhance their transmembrane transport and physicochemical characteristics. Meanwhile, the new hybrid molecules may preserve the selectivity of cytotoxic action against normal cells inherent in the natural triterpene acids. The guanidine group is a common key unit in various natural and synthetic compounds demonstrating antimicrobial, antiviral, and antitumor activities [26] . High symmetry of the Y-shaped guanidinium group promotes the formation of two parallel hydrogen bonds with the biologically relevant counterparts. Unlike ammonium groups, in which the charge is localized on one nitrogen atom (hard cations), guanidinium groups with a delocalized charge actively interact through hydrogen bonds with soft ions such as phosphates and sulfates. This feature of the guanidinium cation induce the efficient transport of biologically active substances through liposomal and cell membranes [27] [28] [29] . Furthermore, because of high basicity (pKa 13.5) , the guanidinium group is important for selective delivery of cytotoxic molecules to tumor cells. Guanidine derivatives can be accumulated in the mitochondria of tumor cells, thus destroying the mitochondrial potential and inhibiting the mitochondrial respiratory chain [29, 30] .
Polyamines, which are precursors of aminoalkylguanidines, are also used to develop chemotherapeutic agents, including antibacterial and antitumor compounds [31, 32] . Structurally, polyamine molecules contain positively charged nitrogen atoms at physiological pH value and can serve as electrostatic bridges between negatively charged phosphates. They are able to bind to negatively charged DNA macromolecules. However, some of physiological diamines, polyamines, and their synthetic analogues have exhibited high toxicity toward normal cells. A large body of data has now been accumulated on the biological activity of polyaminosterols, among which squalamine, trodusquemine, and their synthetic analogues are best known [33] [34] [35] [36] . The synthesis and biological properties of polyamino triterpene acids are described in several publications [6, [37] [38] [39] [40] ; the effect of introduction of the guanidine group into triterpenoid molecules has not been studied so far. Here we However, the cytotoxic activity of the phosphonium salts was comparable with their cytotoxic activity against normal peripheral blood cells. In continuation of the search for efficient and selective antitumor agents, we have investigated novel cationic derivatives of pentacyclic triterpenoids containing guanidine groups, which are readily protonated at a physiological pH level. The introduction of hydrophilic guanidine groups into hydrophobic triterpene acid molecules may enhance their transmembrane transport and physicochemical characteristics. Meanwhile, the new hybrid molecules may preserve the selectivity of cytotoxic action against normal cells inherent in the natural triterpene acids. The guanidine group is a common key unit in various natural and synthetic compounds demonstrating antimicrobial, antiviral, and antitumor activities [26] . High symmetry of the Y-shaped guanidinium group promotes the formation of two parallel hydrogen bonds with the biologically relevant counterparts. Unlike ammonium groups, in which the charge is localized on one nitrogen atom (hard cations), guanidinium groups with a delocalized charge actively interact through hydrogen bonds with soft ions such as phosphates and sulfates. This feature of the guanidinium cation induce the efficient transport of biologically active substances through liposomal and cell membranes [27] [28] [29] . Furthermore, because of high basicity (pKa 13.5), the guanidinium group is important for selective delivery of cytotoxic molecules to tumor cells. Guanidine derivatives can be accumulated in the mitochondria of tumor cells, thus destroying the mitochondrial potential and inhibiting the mitochondrial respiratory chain [29, 30] .
Polyamines, which are precursors of aminoalkylguanidines, are also used to develop chemotherapeutic agents, including antibacterial and antitumor compounds [31, 32] . Structurally, polyamine molecules contain positively charged nitrogen atoms at physiological pH value and can serve as electrostatic bridges between negatively charged phosphates. They are able to bind to negatively charged DNA macromolecules. However, some of physiological diamines, polyamines, and their synthetic analogues have exhibited high toxicity toward normal cells. A large body of data has now been accumulated on the biological activity of polyaminosterols, among which squalamine, trodusquemine, and their synthetic analogues are best known [33] [34] [35] [36] . The synthesis and biological properties of polyamino triterpene acids are described in several publications [6, [37] [38] [39] [40] ; the effect of introduction of the guanidine group into triterpenoid molecules has not been studied so far. Here we describe the synthesis and comparative evaluation of the cytotoxic and apoptosis-inducing activities of new guanidine derivatives of pentacyclic lupane, ursane, and oleanane triterpenoids describe the synthesis and comparative evaluation of the cytotoxic and apoptosis-inducing activities of new guanidine derivatives of pentacyclic lupane, ursane, and oleanane triterpenoids and their precursors-С-28 conjugates of triterpene acids with some linear and branched mono-, di-, and triaminoalkanes.
Results and Discussion

Chemistry
While synthesizing the target compounds, we found that the Boc-deprotection of guanidine derivatives of betulinic and betulonic acids in acid medium (50% TFA in CH2Cl2) is complicated by skeletal rearrangements of the lupane skeleton. It is known from the literature [41, 42] that hydrogenation of the С-20 double bond of lupane triterpenoids does not considerably affect their cytotoxic activity and selectivity between normal and tumor cell lines; therefore, in the subsequent experiments, we used 20,29-dihydrobetulinic and 20,29-dihydrobetulonic acids 1 and 2 to prepare target compounds 9b-12b and 14 (Scheme 1). Scheme 1. Synthesis of target compounds 9b-12b and 14. Reagents and conditions: (a) 1. (COCl)2, CH2Cl2; 2. 1,2-diaminoethane or 1,4-diaminobutane or tris (2-aminoethyl)amine or N-tert-butoxycarbonyl-1,4-bis(3-aminopropyl) piperazine, Et3N, CH2Cl2, r.t.; (b) AcCl, THF, Py, DMAP, r.t.; (c) 10% TFA, CH2Cl2, 3 h, r.t.; (d) 1,3-di-Boc-2-(trifluoromethylsulfonyl)guanidine, Et3N, CH2Cl2; (e) 50% TFA, CH2Cl2, 2-4 h, r.t.; (f) 5 M HCl, MeOH; (g) 4 N NaOH, MeOH, THF. Acetate 3 obtained upon hydroxyl group protection in dihydrobetulinic acid 2, and dihydrobetulonic acid 1 were converted to С-28 amide derivatives 4-7 and 8a via relatively unstable acid chlorides (Scheme 1).
The reactions were carried out with 1,2-diaminoethane, 1,4-diaminobutane (putrescine), tris (2-aminoethyl)amine, and N-tert-butyloxycarbonyl-1,4-bis(3-aminopropyl) piperazine. The use of Acetate 3 obtained upon hydroxyl group protection in dihydrobetulinic acid 2, and dihydrobetulonic acid 1 were converted to C-28 amide derivatives 4-7 and 8a via relatively unstable acid chlorides (Scheme 1).
The reactions were carried out with 1,2-diaminoethane, 1,4-diaminobutane (putrescine), tris (2-aminoethyl)amine, and N-tert-butyloxycarbonyl-1,4-bis(3-aminopropyl) piperazine. The use of branched triamine resulted in two guanidine functions being introduced into the triterpenoid molecule. Amides 4-7 were synthesized using a 3-fold molar excess of amines over triterpenes in order to avoid the formation of dimeric products. Compound 8a was formed in a good yield only with the use of N-Boc bis-aminopropylpiperazine, which was synthesized as described in reference [43] . The N-Boc protection was then removed by treatment with 10% trifluoroacetic acid in CH 2 Cl 2 . Guanylation of amines 4-7 and 8a was carried out according to the typical procedure [44] by using commercially available N,N -di-Boc-N"-triflylguanidine. The expected compounds 9-13 were obtained in 60-88% yields after column chromatography on SiO 2 . The subsequent treatment of Boc derivatives 9-13 with CF 3 COOH and then with HCl/MeOH gave hydrochlorides 9b-13b. Dihydrobetulinic acid guanidinium hydrochloride 14 was prepared by saponification of the 3-OAc function in conjugate 11b. A well studied and promising betulinic acid derivative is 2-amino-3-hydroxy-2-(hydroxymethyl)propyl 3-O-acetyl betulinate, known as the anticancer agent NVX-207 [45] [46] [47] [48] . We have synthesized its C-20,29 hydrogenated derivative 15. Ursolic and oleanolic acetates 16 and 17 were converted into NVX-207 analogues 18 and 20 with ursane and oleanane skeletons (Scheme 2).
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The structures of all products were confirmed by 1D ( 1 H, 13 C, 19 F) and 2D (HSQC, HMBC, COSY) NMR experiments and MALDI TOF MS. The 13 C-NMR spectra of compounds 4-7, 8a, 15, 18, and 20 show signals for amide carbon atoms at 176.3-179.3 ppm, while the amide group protons resonate at 5.86-6.79 ppm in the 1 H-NMR spectra. In the spectra of guanidine derivatives 9-13, 15a, 18a, and 20a, the NH-C=N and NH-Boc proton signals occurred at 8.30-9.06 ppm and 11.47-11.53 ppm, respectively. The signals for the guanidine group carbon atoms were observed at 161.8-163.6 ppm.
Biological Evaluation
The in vitro cytotoxic activity of triterpene acids (dihydrobetulinic, ursolic and oleanolic acids), twelve guanidinium salts, and some of their precursors, primary amines 4-6, 8a, and 15, was evaluated on five human tumor cell lines: Jurkat (T-lymphoblastic leukemia), K562 (chronic myeloid leukemia), U937 (histiocytic lymphoma), HEK 293 (embryonic kidney), and HeLa (cervical cancer). The possible cell toxicity was assessed against normal human fibroblasts. Most of the tested compounds showed moderate or significant activity against Jurkat, K562, and U937 cells as compared to triterpenoic acids (Table 1) . Amino derivatives 4-6 and 8a showed cytotoxic activity against all tumor cell cultures with IC 50 values of 1.3-8 µM. However, these compounds were also cytotoxic against fibroblasts. Contrary to our expectations, guanylation of the terminal amino groups of lupane triterpenoids with C-28 linear aminoalkane chains (compounds 9b-11b, 13a, and 14) or the branched tris-aminoethyl moiety (compounds 12a,b) did not considerably enhance the cytotoxic action. Of the listed guanidinium salts, only compounds 9b, 11b, and 14 showed an approximately 3-fold increase in the cytotoxic activity against Jurkat cells in comparison with dihydrobetulinic acid 2 and also showed selectivity towards Jurkat cells with an SI of 8.5, 7.3, and 5.6 respectively (SI = IC 50 fibroblasts/IC 50 Jurkat cells). The introduction of the tris(hydroxymethyl)aminomethane moiety into the molecules of triterpene acids 3, 16 and 17 markedly enhanced the cytotoxic activities for the resulting conjugates 15, 15c, 18b,c, and 20b,c, irrespective of the triterpene skeleton type. The C-28 esters of dihydrobetulinic, ursolic, and oleanolic acids with amino and guanidine groups in the ester side chain had from moderate to good activity against Jurkat and K562 cell lines. For example, the IC 50 values of compounds 15c and 18c were 3.1 and 3.8 µM for T-lymphoblastic leukemia cells and 2.3 and 11.0 µM for chronic myeloid leukemia cells. The most pronounced differences in the antitumor activity were found for oleanolic acid and its conjugates 20b,c. Indeed, the IC 50 values of oleanolic acid, 20b, and 20c for Jurkat cells were 271, 6.7, and 7.6 µM, respectively. It is worth noting that amine 15, its guanidine derivative 15c, and guanidinium salts of ursolic and oleanolic acids 18b,c and 20b,c showed acceptable selectivity towards Jurkat tumor cell with an SI from 6.9 to 13.4.
The identified lead compounds with the highest cytotoxicity characteristics, 15, 15c, 18c, and 20c, were further evaluated for the possible apoptosis induction in tumor cell cultures. The measurements were done by flow cytometry (Figure 2 ). moderate to good activity against Jurkat and K562 cell lines. For example, the IC50 values of compounds 15с and 18с were 3.1 and 3.8 µM for T-lymphoblastic leukemia cells and 2.3 and 11.0 µM for chronic myeloid leukemia cells. The most pronounced differences in the antitumor activity were found for oleanolic acid and its conjugates 20b,с. Indeed, the IC50 values of oleanolic acid, 20b, and 20с for Jurkat cells were 271, 6.7, and 7.6 µM, respectively. It is worth noting that amine 15, its guanidine derivative 15с, and guanidinium salts of ursolic and oleanolic acids 18b,c and 20b,c showed acceptable selectivity towards Jurkat tumor cell with an SI from 6.9 to 13.4. The identified lead compounds with the highest cytotoxicity characteristics, 15, 15с, 18с, and 20с, were further evaluated for the possible apoptosis induction in tumor cell cultures. The measurements were done by flow cytometry (Figure 2 ). The highest percentage of late apoptosis (91.7%) was detected upon the treatment of Jurkat cells with the test compound 15 at IC50 concentration exposure for 48 h as depicted in Figure 2E . Compounds 15c, 18c and 20c also showed apoptotic mode of cell death on Jurkat cells line, but, in this case, the apoptotic effect of these guanidine derivatives was notably weaker. Thus, after treatment of Jurkat cells with compound 15c at IC50 concentration (4 µM) the number of vital cells is decreased from 96.2% (control) to 54.5%. Total number of apoptotic cells population constituted 23.7% (7.2% and 16.5% of early and late apoptotic cells, respectively) and number of necrotic cells The highest percentage of late apoptosis (91.7%) was detected upon the treatment of Jurkat cells with the test compound 15 at IC 50 concentration exposure for 48 h as depicted in Figure 2E . Compounds 15c, 18c and 20c also showed apoptotic mode of cell death on Jurkat cells line, but, in this case, the apoptotic effect of these guanidine derivatives was notably weaker. Thus, after treatment of Jurkat cells with compound 15c at IC 50 concentration (4 µM) the number of vital cells is decreased from 96.2% (control) to 54.5%. Total number of apoptotic cells population constituted 23.7% (7.2% and 16.5% of early and late apoptotic cells, respectively) and number of necrotic cells was 21.7%. Comparable results were obtained with the guanidine derivative of ursolic acid 18c (6.8, 14.3, and 20 .7% of early, late apoptotic cells and necrotic cells, respectively). Treatment of the Jurkat cells with 20c resulted in about 15.5% apoptotic cells and 6.1% necrotic cells, with 78.4% of the cells still being considered vital ( Figure 2K ). Next, we analyzed the ability of dihydrobetulinic acid to stimulate apoptosis. Our results showed that dihydrobetulinic acid triggers apoptosis in Jurkat cells at higher doses as compared to derivatives 15, 15c, and 18c. The number of apoptotic cells on treatment with dihydrobetulinic acid (59 µM) for 48 h constituted around 24% (4.0% of early-stage and 20.5% of secondary necrotic/late-stage apoptotic), while the number of vital cells was 73.1% ( Figure 2C ).
In summary, our results indicate that the apoptosis is induced in Jurkat cells by all test compounds. However, we observed a higher rate of necrosis after 15c, 18c and 20c incubation compared to derivative 15.
DNA flow cytometry was also used to analyze the cell cycle kinetics in Jurkat cells pre-incubated with dihydrobetulinic acid and derivatives 15, 15c, 18c, or 20c at their IC 50 concentration for 24 and 48 h (Figure 3 ). Figure 2K ). Next, we analyzed the ability of dihydrobetulinic acid to stimulate apoptosis. Our results showed that dihydrobetulinic acid triggers apoptosis in Jurkat cells at higher doses as compared to derivatives 15, 15c, and 18c. The number of apoptotic cells on treatment with dihydrobetulinic acid (59 µM) for 48 h constituted around 24% (4.0% of early-stage and 20.5% of secondary necrotic/late-stage apoptotic), while the number of vital cells was 73.1% ( Figure 2C ). In summary, our results indicate that the apoptosis is induced in Jurkat cells by all test compounds. However, we observed a higher rate of necrosis after 15c, 18c and 20c incubation compared to derivative 15.
DNA flow cytometry was also used to analyze the cell cycle kinetics in Jurkat cells pre-incubated with dihydrobetulinic acid and derivatives 15, 15с, 18с, or 20с at their IC50 concentration for 24 and 48 h (Figure 3 ). The distribution of DNA content in Jurkat cells reveals whether cell proliferation is arrested at one checkpoint. The results of all experiments showed in significant S-phase arrest in cells after treating with these compounds. Thus, the ratio of cells in the S phase increased from 38.3% (control) to 72.7% in Figure 3D,F) . Considering these results, we assume that dihydrobetulinic acid and compounds 15, 15c, 18c, or 20c are able to trigger programmed cell death, including apoptotic mechanisms and cell cycle arrest in the S-phase.
Materials and Methods
Chemistry
IR spectra (thin films or solutions in CHCl 3 ) were obtained with use of a Vertex 70v spectrometer (Bruker, Karlsruhe, Germany). 1 H-and 13 C-NMR spectra were recorded in CDCl 3 , in MeOD or in d 6 -DMSO with Me 4 Si as the internal standard on an AVANCE-500 instrument (500.13 ( 1 H), 125.78 MHz ( 13 C), 470.59 MHz ( 19 F)) or on an AVANCE-400 (400.13 ( 1 H), 100.62 MHz ( 13 C), 376.50 MHz ( 19 F)) (Bruker). Mass spectra of new compounds were recorded on a Bruker-Autoflex III spectrometer (MALDI TOF, positive ion mode, sinapic acid as the matrices). Optical rotation was determined on a 141 polarimeter (Perkin-Elmer, Beaconsfield, UK). Specific rotation [α] D is expressed in (deg·mL)/(g·dm) −1 ; the concentration of the solution c is expressed in g/100 mL. Elemental analysis was carried out on a 1106 analyzer (Carlo Erba, Milan, Italy). TLC was carried out on Sorbfil plates (Sorbpolimer, Krasnodar, Russia) in hexane-EtOAc and chloroform-methanol, spots were visualized with anisaldehyde. Silica gel L (KSKG grade, 50-160 µm) was employed for column chromatography. All reagents and solvents were of the purest grade available, and generally were used without further treatment. The starting compounds ursolic, oleanolic acids and reagents: sodium borohydride (NaBH 4 ), acetyl chloride, 10% Pd/C, oxalyl chloride, 1,2-diaminoethane, 1,4-diaminobutane, tris(2-aminoethyl)amine, 1,4-bis(3-aminopropyl)piperazine, tris(hydroxymethyl)aminomethane, 1,3-di-Boc-2-(trifluoromethylsulfonyl)guanidine, triethylamine (Et 3 N), dimethylaminopyridine (DMAP), trifluoroacetic acid (TFA) were purchased from Acros Organics (Geel, Belgium). Dihydrobetulonic and dihydrobetulinic acids were obtained from betulin according to the known procedures [41] . Acetates of oleanolic, ursolic, dihydrobetulonic and dihydrobetulinic acids were synthesized according to the typical procedures. Mono-Boc-protected bis-aminopropylpiperazine and compounds 19-23 were prepared by a reported methods [43, 45] . NMR 1 H and 13 C spectra of all new compounds are in Supplementary Materials.
General Procedure for the Synthesis of Amines 4-7
Oxalyl chloride (0.13 mL, 1.5 mmol) was added with stirring to a solution of compounds 1 or 3 (0.5 mmol) in dry CH 2 Cl 2 (5 mL) precooled to 0 • C, and stirring of the reaction mixture was continued at room temperature for 2 h. Then the solvent and excess oxalyl chloride were removed under vacuum. The amine (1.5 mmol) was dissolved in dry CH 2 Cl 2 (2 mL) and under vigorous stirring were added Et 3 N (0.2 mL, 1.5 mmol) and a solution of the acid chloride of 1 or 3 (0.5 mmol) in dry CH 2 Cl 2 (4 mL). The mixture was stirred for 24 h (monitoring by TLC). The mixture was then poured into cold H 2 O and extracted with CH 2 Cl 2 (2 × 15 mL each). The organic phases washed brine and were dried over Na 2 SO 4 and evaporated under reduced pressure. The residue was chromatographed on silica gel, using CH 2 21.5 (C-24) , 21.1 (C-11), 19.7 (C-6) , 16.0 (C-25) , 15.9 (C-26), 14.6 (C-30), 14.5 (C-27) 3β-N-{ piperazinyl]propyl}-3-O-acetyl-lupane-28-amide (8a), The acid chloride of 3 was synthesized according to the general procedure for synthesis of amines 4-7. Then the N-tert-butoxycarbonyl-1,4-bis(3-aminopropyl)piperazine (0.45 g, 1.5 mmol) and Et 3 N (0.25 mL, 1.8 mmol) were added to acid chloride of 3 (0.50 g, 1 mmol) in dry CH 2 Cl 2 (10 mL). The mixture was stirred at room temperature for 16 h (monitoring by TLC), then was poured into cold H 2 O and extracted with CH 2 Cl 2 (2 × 15 mL). The organic phases washed brine, dried over Na 2 SO 4 and evaporated under reduced pressure to obtain compound 8. Then the compound 8 was dissolved in CH 2 Cl 2 (7 mL), acidified with TFA 10% (v/v) in CH 2 Cl 2 (17 mL) for deprotection reaction and stirred for around 5 h. The reaction was quenched using saturated aqueous potassium carbonate solution (20 mL 
General Procedure for the Synthesis of Compounds 15, 18-21
Acid chlorides of 3, 16, 17 was synthesized according to the general procedure for synthesis of amines 4-7. Then the acid chlorides of 3, 16, 17 (1 mmol) was dissolved in a mixture of pyridine (4 mL), CH 2 Cl 2 (1 mL) and DMAP (0.09 g, 0.7 mmol) was added. After complete dissolution of DMAP, a solution containing of TRIS (tris(hydroxymethyl)aminomethane) (0.24 g, 2 mmol) in pyridine (0,5 mL) was added. The mixture was stirred for 10 h at room temperature and the solvent was removed rapidly under vacuum. The residue was chromatographed on silica gel, using CH 2 Cl 2 /MeOH 30:1→1:1, to obtain pure compounds 15, 18-21. 125.6 (C-12), 80.9 (C-3), 65.7 (C-1 ), 64.4 (C-3 , C-4 ), 56.6 (C-2 ), 55.3 (C-5) , 53.0 (C-18), 48.6 (C-17) , 47.4 (C-9), 42.1 (C-14) , 39.5 (C-4, C-8), 38.9 (C-19), 38.3 (C-20), 37.7 (C-1), 37.1 (C-22), 36.8 (C-10), 32.9 (C-7) , 21.3 (COCH 3 ), , 15.5 (C-25) ; Anal. Calcd. for C 36 H 59 NO 6 : C, 71.84, H, 9.88. Found: C, 72.13, H, 9 (500 MHz, MeOD) δ: 5.38 (br s, 1H, 1H, 3.66, 3.58 (both d, J = 10 Hz, 3H each, 23H, CH, CH 2 in pentacyclic skeleton), 2.05 (s, 3H, CH 3 CO-), 1.18, 1.04, 0.99, 0.95, 0.93, 0.92, 0.91 (all s, 3H each, H-23-H-27, H-29 and H-30) ;
Molecules 2018, 23, 3000 11 of 22 13 C-NMR (125 MHz, , 170.7 (COCH 3 ), 138.1 (C-13), 125.8 (C-12) , 80.4 (C-3), 61.8 (C-1 ), 60.8 (C-2 -C-4 ), 55.1 (C-5), 53.6 (C-18), 48.3 (C-17) , 47.4 (C-9), 42.3 (C-14) , 39.5 (C-4, C-8), 38.9 (C-19), 38.4 (C-20), 37.7 (C-22, C-1), 36.8 (C-10) , 33 (C-7), 30.9 (C-21), 28.3 (C-23), 27.8 (C-15) , 24.5 (C-16), 23.7 (C-2), 23.4 (C-11, C-27) , 21.5 (COCH 3 ), 14, 0.94, 0.93, 0.92, 0.87, 0.86, 0.73 (all s, 3H each, H-23-H-27, H-29 and H-30) ; CDCl 3 ) δ: 178.2 (C-28), 171.1 (COCH 3 ), 143.7 (C-13), 122.6 (C-12) , 80.9 (C-3), 65.7 (C-1 ), 64.6 (C-3 , C-4 ), 56.6 (C-2 ), 55.3 (C-5), 47.5 (C-9), 47.2 (C-17) , 45.7 (C-19) , 41.8 (C-14) , 41.5 (C-18), 39.3 (C-8) , 38 .1 (C-1), 37.7 (C-4), 36.9 (C-10), 33.8 (C-22), 33.0 (C-30), 32.8 (C-7) , 32.7 (C-21) , 30.7 (C-20), 28.0 (C-23), 27.6 (C-15) , 25.8 (C-27), 23.6 (C-29) , 21.3 (COCH 3 ), 18.2 (C-6), 17.1 (C-26), 16.7 (C-24) , 15.4 (C-25) 47.4 (C-9) , 46.8 (C-17) , 46.6 (C-19), 42.0 (C-14) , 41.9 (C-18) , 39.5 (C-8) , 38.2 (C-1), 37.7 (C-4), 36.9 (C-10), 34.1 (C-22), 33.3 (C-7) , 33.2 (C-30), 32.7 (C-21) , 21.4 (COCH 3 ), , 17.1 (C-24), 15.6 (C-25) ; Anal. Calcd. for C 36 H 59 NO 6 : C, 71.84, H, 9.88. Found: C, 72.11, H, 9 The amine (0.5 mmol) is added neat to a solution of 1,3-di-Boc-2-(trifluoromethyl-sulfonyl)guanidine (0.18 g, 0.45 mmol) or (0.60 g, 0.9 mmol) for amine 7 and Et 3 N (0.07 mL, 0.5 mmol) in CH 2 Cl 2 (at r.t.) of compounds 4-7, 8a or in CHCl 3 (at reflux) of compounds 15, 18, 20 (10 mL). The mixture was stirred for 2-12 h (TLC monitoring CH 2 Cl 2 /MeOH 20:1). After completion of the reaction, the mixture is diluted with CH 2 Cl 2 and washed witH-NH 4 Cl, NaHCO 3 and brine. After drying with sodium sulfate and filtering the solvent is removed under reduced pressure. The residue was chromatographed on silica gel, using hexane/EtOAc 10:1→1:1, to obtain pure compounds 9-13, 15a, 18a and 20a. 42.6 (C-14) , 40.7 (C-8) , 40.5 (C-4 ) , 39.6 (C-1), 38.7 (C-22, C-1 ), 37.6 (C-13), 36.9 (C-10), 34.1 (C-2), 33.8 (C-16), 33.6 (C-7) , 29.9 (C-20) , 28.4, 28.0 (CH 3 in Boc), 27.7 (C-23), 27.0 (C-2 , C-3 ), 26.6 (C-12) , 23.0 (C-21, C-29), 21.5 (C-24) , 21.0 (C-11), 19.6 (C-6) , 16.0 (C-25) , 15.9 (C-26), 14.6 (C-30), 14.5 (C-27) -19) , 43.8 (C-18) , 42.5 (C-14) , 40.8 (C-8) , 39.0 (C-4 , C-4"), 38.9 (C-22) , 38.4 (C-1), 38.0 (C-13), 37.8 (C-1 ), 37.2 (C-4), 37.1 (C-10), 34.4 (C-7), 33.4 (C-16), 29.8 (C-20) , 28.3, 28.1 (CH 3 in Boc), 28.0 (C-23), 27.0 (C-2), 23.7 (C-12), 23.1 (C-29), 23.0 (C-21), 21.3 (COCH 3 ), 21.0 (C-11), 18.3 (C-6), 16.5 (C-25) , 16.4 (C-24) , 16.2 (C-26), 14.7 (C-30), 14.4 (C-27) 
Cell Cycle Analysis
Cell cycle was analyzed using the method of propidium iodide staining. Briefly, cells were plated in 24-well round bottom plates at density 10 × 105 cells per well, centrifuged at 450× g for 5 min, and fixed with ice-cold 70% ethanol for 24 h at 0 • C. Cells were then washed with PBS and incubated with 250 µL of Guava Cell Cycle Reagent (Millipore, Burlington, MA, USA) for 30 min at room temperature in the dark. Samples were analyzed on NovoCyte TM 2000 FlowCytometry System (ACEA, San Diego, CA, USA).
Conclusions
Novel betulinic, ursolic, and oleanolic acid derivatives, containing a guanidine moiety have been designed and synthesized in an attempt to develop potent antitumor agents. These compounds and their precursors, monoamine, diamine and triamine derivatives, were tested for cytotoxic activity on various human tumor cell lines. Guanidine-functionalized triterpenoids demonstrated higher cytotoxicity in Jurkat cells, compared with original triterpenoic acids. Most of the tested guanidine derivatives showed higher IC 50 values than amines, but were less toxic to human fibroblasts. The lead molecules-dihydrobetulinic acid amine 15, its guanidine derivative 15c, and guanidinium salts of ursolic and oleanolic acids 18c and 20c were selected for extended biological testing by using flow cytometry analysis. Our results showed that the antitumor activity of compounds 15, 15c, and 18c is caused by apoptotic processes and induction of cell cycle arrest in the S-phase. Nevertheless, addition information concerning the molecular mechanisms and targets of these triterpene acid derivatives is needed. 
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